The potential storage and delivery function of cartilage oligomeric matrix protein (COMP) for cell signaling molecules was explored by binding hydrophobic compounds to the recombinant five-stranded coiled-coil domain of COMP. Complex formation with benzene, cyclohexane, vitamin D 3 and elaidic acid was demonstrated through increases in denaturation temperatures of 2-10°C. For all-trans retinol and all-trans retinoic acid, an equilibrium dissociation constant K D ϭ 0.6 μM was evaluated by fluorescence titration. Binding of benzene and all-trans retinol into the hydrophobic axial pore of the COMP coiled-coil domain was proven by the X-ray crystal structures of the corresponding complexes at 0.25 and 0.27 nm resolution, respectively. Benzene binds with its plane perpendicular to the pore axis. The binding site is between the two internal rings formed by Leu37 and Thr40 pointing into the pore of the COMP coiled-coil domain. The retinol β-ionone ring is positioned in a hydrophobic environment near Thr40, and the 1.1 nm long isoprene tail follows a completely hydrophobic region of the pore. Its terminal hydroxyl group complexes with a ring of the five side chains of Gln54. A mutant in which Gln54 is replaced by Ile binds all-trans retinol with affinity similar to the wild-type, demonstrating that hydrophobic interactions are predominant.
Introduction
A non-collagenous glycoprotein, cartilage oligomeric matrix protein (COMP), was first identified in cartilage (Hedbom et al., 1992) but was later also found in tendon (Di Cesare et al., 1994a; Smith et al., 1997) . The protein is a 524 kDa homopentamer of five subunits which consist of an N-terminal heptad repeat region (cc) followed by four epidermal growth factor (EGF)-like domains (EF), seven calcium-binding domains (T3) and a C-terminal globular domain (TC). According to this domain organization, COMP belongs to the family of thrombospondins. Heptad repeats (abcdefg) n with preferentially hydrophobic residues at positions a and d form α-helical coiled-coil domains (Cohen and Parry, 1994) . Three subunits are oligomerized in this way in thrombospondins 1 and 2, but in thrombospondins 3 and 4 and in COMP a five-stranded coiled-coil is formed (Mörgelin et al., 1992; Efimov et al., 1994 Efimov et al., , 1995 Di Cesare et al., 1994b; Hauser et al., 1995; Qabar et al., 1995) .
Recently, the recombinant five-stranded coiled-coil domain of COMP (COMPcc) was crystallized and its structure was solved at 0.2 nm resolution (Efimov et al., 1995; Malashkevich et al., 1996) . The most predominant feature of the coiled-coil is a 7.3 nm long hydrophobic pore with a diameter of 0.2-0.6 nm. Only two polar sites interrupt the hydrophobic lining of the pore. About 2.9 nm from the C-terminus, a ring of five glutamine side chains provides a putative ion trap to which a Cl -ion is bound and,~1.5 nm from the N-terminus, a ring of OH groups of threonines side chains is located.
The function of COMP is not yet clear, but its importance is suggested by the recent discovery that mutations in the COMP gene are responsible for a genetic disorder in man, pseudoachondroplasia (Briggs et al., 1995; Hecht et al., 1995) , with the phenotype being characterized by short stature and lax joints. Furthermore, increased COMP expression with increased weight bearing suggests an important role for COMP in providing strength in muscle and tendon (Smith et al., 1997) . In tissue sections of cartilage, COMP is localized to the territorial matrix of the chondrocytes, leading to speculation that it is involved in interactions with the cells (Hedbom et al., 1992) . Its bouquet-like structure with five terminal TC domains may provide the multivalency necessary for strong interactions with cell surface receptors or other proteins. COMP is revealed in the growth regions of cartilage, primarily in the proliferative zones, but is absent in the resting and hypertrophic zones (Ekman and Heinegard, 1992; Shen et al., 1995) . It was suggested, therefore, that COMP may be important for cellular proliferation. In addition, it was proposed that COMP is involved in signaling between external load and cellular response (Banes et al., 1995; Smith et al., 1997) .
Vitamin D 3 and the morphogen all-trans retinoic acid have been shown to signal important events during morphogenesis and repair of cartilage and bone. Retinoic acid has the capacity to activate homeobox gene clusters (Mavilio et al., 1988; Marshall et al., 1996) , to influence limb formation (Thaller and Eichele, 1987; Means and Gudas, 1995) and to stimulate matrix calcification and collagen synthesis in weight-bearing growth plate chondrocytes (Wu, 1997) . The hormone 1,25-dihydroxyvitamin D 3 promotes cartilage and bone mineralization and is involved in the regulation of several proteins of these tissues. Furthermore, the nuclear vitamin D receptor is coupled functionally with the retinoid X receptor (RXR) Fig. 1 . Chemical equations of the hydrophobic compound used for binding to COMPcc. The C-atoms in retinol are numbered (Cowan et al., 1990) . The approximate length of the isoprene chain of all-trans retinol and all-trans retinoic acid is 1.1 nm, and the hydrocarbon chain of elaidic acid is 2.1 nm.
by heterodimer formation (Haussler et al., 1997) . 1,25-dihydroxyvitamin D 3 and retinoic acid are essentially insoluble in aqueous media and, for their transport and storage, binding proteins with hydrophobic interactions as well as specificity-determining interactions between ligand and protein have been described (Cowan et al., 1993; Ray, 1996) . The hydrophobicity and geometry of the channel in the coiled-coil domain of COMP suggest a binding potential for retinoids, vitamin D 3 and other hydrophobic compounds. This property appeared to be worth exploring in view of the many indications that COMP may be involved in signaling functions in which retinoids and vitamin D 3 may be involved. In the present work, binding of several hydrophobic compounds (Figure 1 ) was explored by employing changes of thermal stability of COMPcc, fluorescence titrations and X-ray crystallography.
Results
Binding of hydrophobic compounds increases the thermal stability of COMPcc As shown in Figure 2 and Table I , small hydrophobic molecules such as benzene and cyclohexane increase the midpoint transition temperature T m of unfolding of reduced and alkylated COMPcc by 2°C. For larger molecules such as vitamin D 3 and elaidic acid, this effect is more pronounced, and the change in T m is 8 and 10°C, respectively. Oxidized COMPcc is more stable than reduced and alkylated COMPcc due to the disulfide ring connecting the five chains (Efimov et al., 1995; Malashkevich et al., 1996) . The T m is Ͼ100°C under non-denaturing conditions but is decreased to 60°C in the presence of 4.5 M guanidine-HCl. Measurements of the stabilization of oxidized COMPcc by hydrophobic molecules were therefore performed in the presence of this denaturant (Table I) . Changes in T m upon binding of vitamin D 3 and elaidic acid were somewhat smaller than for reduced and alkylated COMPcc.
Determination of binding affinities by fluorescence titration
Binding of all-trans retinol to oxidized COMPcc was measured by fluorescence titration using the fluorescence change of retinol. Measurements were performed with ΔT m ϭ increase in midpoint temperature caused by the addition of the ligand.
oxidized COMPcc and the designed protein in which Gln54 has been replaced by Ile (COMPccGln54Ile) ( Figure  3A ). The water-insoluble all-trans retinol was dissolved in dimethylsulfoxide (DMSO) and aliquots of this solution were added to the solution of the protein in phosphatebuffered saline (PBS). The final concentration of DMSO was Ͻ1% (v/v) and no precipitation of protein was observed. By a least square fit of a 1:1 binding mechanism (see Materials and methods) to the data in Figure 3A , dissociation equilibrium constants of K D ϭ 0.6 and 0.8 μM were derived for COMPcc and COMPccGln54Ile, respectively. All-trans retinoic acid is not fluorescent under the conditions described above and its binding to COMPcc was determined by competition with all-trans retinol. Increasing quantities of retinoic acid in DMSO and a constant quantity of all-trans retinol in the same solvent were added to the aqueous protein solution. A concentration-dependent decrease in fluorescence intensity of the (A) All-trans retinol was added to oxidized COMPcc (s) or its mutant COMPccGln54Ile (n) and the fluorescence was recorded at 480 nm (excitation at 330 nm). Protein concentrations were 0.18 μM in PBS (pH 7.5). The average K D value which was evaluated for COMPcc is 0.6 μM, and for COMPccGln54Ile is 0.8 μM. (B) For fluorescence competition of retinoic acid with retinol, retinoic acid and retinol mixtures in DMSO were transferred into a solution of oxidized COMPcc solution in PBS (pH 7.5). Protein concentration was 0.5 μM. Data were recorded in the same conditions as described above.
retinol was observed with increasing amounts of retinoic acid ( Figure 3B ). A 2.5-fold molar excess of retinoic acid was required to compete for 50% of the retinol-binding sites, indicating that retinoic acid has a slightly lower affinity than retinol for COMPcc. A similar result was obtained for binding of all-trans retinoic acid to the COMPccGln54Ile. Equilibrium values were reached in all experiments, as demonstrated by kinetic experiments, and it was also shown that the times of retinol and retinoic acid binding and dissociation are Ͻ1 min (data not shown).
Crystal structure of the complexes with benzene and all-trans retinol
The localization of benzene and retinol in the complex with COMPcc was determined by X-ray crystallography. Benzene was found to bind inside the COMPcc channel as indicated by a flat electron density peak between side chains of Leu37 and Thr40 from five different subunits ( Figure 4 ). This density is somewhat diffused, suggesting that orientation of the benzene ring is not unique. Indeed, its almost orthonormal orientation relative to the pentamer axis can be due to the water-mediated interaction between the moderately polar benzene molecule and hydroxyl groups of Thr40. Orientation of the benzene ring around the axis is ambiguous, as the 6-fold symmetry of benzene is incompatible with the 5-fold symmetry of COMPcc. The appearance of four instead of the potential five water molecules may reflect deviation from the perfect 5-fold non-crystallographic symmetry which has already been discussed by Malashkevich et al. (1996) . A water molecule is positioned close to the benzene ring,~0.45 nm away from its center. Interactions between the phenylalanine ring and polar side chains in globular proteins were described before (Burley and Petsko, 1986) . Benzene binding requires displacement of one water molecule bound near this position in the native structure (Malashkevich et al., 1996) . This may explain why the thermal stabilization effect of benzene is relatively small. Longer exposure of COMPcc crystals to benzene (see Materials and methods) seems to have resulted in diffusion of more benzene molecules inside the pore, but severe crystal damage impaired the diffraction quality of COMPcc crystals and did not allow proper crystallographic analysis. Similar experiments with cyclohexane also indicated the appearance of the difference density peaks in the COMPcc pore. More accurate interpretation of this density was not, however, possible due to the higher degeneracy of binding modes and the non-planar nature of cyclohexane.
In contrast to the slightly degenerated binding of benzene and cyclohexane, only one predominant binding conformer of all-trans retinol to COMPcc exists, as shown by the electron density in Figure 5A . Herein, we observe an axial binding of retinol with the β-ionone ring located in the cavity between the Thr40 and Leu44 side chain ring system and the isoprene tail pointing towards the C-terminus of the COMPcc pore, with the C5-C6-C7-C8 dihedral angle of 80°being close to the structurally predominant value of Ϯ60°and 180° (Cowan et al., 1990) . Deviation of this angle towards the 'ideal' case of Ϯ60°w ould result in clashes of the β-ionone moiety with the Leu44 side chains. The hydroxyl group of retinol is being hydrogen bonded by two of the five Gln54 residues (0.23 and 0.25 nm) which previously have been described to act as an ion trap for chloride ions (Malashkevich et al., 1996) . Except for these two polar interactions, the overall nature of binding is hydrophobic ( Figure 5B ). The C16, C17 and C18 methyl side chains of the β-ionone ring are in close van der Waals contact to the C δ and C ε side chain atoms of three of the five Leu44 ring system residues at distances of 0.35, 0.33 and 0.31 nm, respectively. The C19 and C20 methyl groups of the isoprene side chain are located in the hydrophobic cavities between the Leu44-Val47 and Val47-Leu51 ring systems. The distance between methyl groups and distal side chain atoms are One of the water molecules (shown as red points) binds below the benzene ring~0.45 nm away from its center. Benzene and water molecules were omitted from the phase calculations, and the electron density map (cyan) was calculated with coefficients F o -F c , iα c and plotted at the 3σ level. between 0.33 and 0.37 nm. The binding of retinol in an unambiguous conformation towards COMPcc can be explained by the breakdown of the exact molecular 5-fold symmetry of COMPcc which has already been described for the native structure (Malashkevich et al., 1996) . Herein, as a consequence of crystal packing, the Leu44 and Leu51 side chains already exhibit different conformeric states which might promote non-symmetrical binding of retinol to COMPcc, with further structural rearrangement of the side chains due to the lack of molecular symmetry in retinol.
Discussion

Functional features
The present work defines COMP as a protein which, in addition to its established structural functions in cartilage and tendon (Hedbom et al., 1992; Smith et al., 1997) , binds the hormones retinol, retinoic acid and vitamin D shown to be important in development. The exact physiological role of this binding remains elusive, but indirect data point to an involvement of COMP in cellular signaling (Banes et al., 1995; Smith et al., 1997) . The present data suggest a storage and delivery function for this protein for hydrophobic hormones which otherwise, 5268 because of their limited solubility, could not be delivered to their cellular targets. The retinoids (vitamin A) are important during development of organs and tissues and in particular in limb growth. Gradient formation of the hormones and the regulated genes has been recognized to be important (Means and Gudas, 1995; Tabin, 1995) . A number of genes including the Hox genes (Marshall et al., 1996) supply cells with the essential positional and functional information required for their migration to their appropriate destination and for their proper morphological development. Retinoids can affect the expression of Hox genes in cell lines and embryonic tissues, and their teratogenic effects in development, including limb formation, have been demonstrated in numerous studies.
Furthermore, it was found that retinoids act as growth factors on many cells also in adult tissues. It is often not clear in these studies whether the physiological effects are due to retinol, retinoic acid or other frequently easily convertible forms of the retinoids but, in most cases, the all-trans forms with a linear arrangement of conjugated double bonds are most effective (Means and Gudas, 1995) . 1α,25-dihydroxy vitamin D 3 is one of the key hormones for calcium and bone homeostasis, but it also has a function in the regulation of cellular differentiation and proliferation (Walters, 1992; Ray, 1996) . In addition to the receptors for retinoids and for vitamin D, a large number of binding and transport proteins have been identified for both classes of hydrophobic and essentially insoluble hormones (Blomhoff et al., 1990; Bouillon et al., 1995) .
The cellular cytosolic retinoid-binding proteins CRABP and CRABPII are believed to mediate transport to the nuclear retinoid receptors RARs and RXRs. Other cytosolic binding proteins of the types CRBP and CRBPII are thought to be involved in the conversion of retinol to its aldehyde and to retinoic acid. Extracellular transport and storage is mediated by serum proteins, of which plasma retinol-binding protein (RBP) (Cogan et al., 1976; Soprano and Blaner, 1994) and vitamin D-binding protein (Verboven et al., 1995; Swamy et al., 1997) have been studied.
Structural comparison of COMPcc with other lipophilic proteins
RBPs are members of two families of lipophilic proteins (Cowan et al., 1993) . These families show different three-dimensional structures but have some topological 5269 similarities. Serum RBP, β-lactoglobulin, bilin-binding protein and odorant-binding protein reveal an eightstranded antiparallel β-barrel that encapsulates the ligand (Cowan et al., 1990) . Members of the other family include cellular RBPs (CRBPs), CRABP and bovine P2 myelin, which transports fatty acids. The proteins are built up from 10 antiparallel β-strands that fold to form an orthogonal barrel containing the ligand (Cowan et al., 1993) .
The β-structures of the lipophilic proteins are different from the α-helical coiled-coil domain to which retinol binds in COMP. In this sense, COMP and, most likely, also its homologs thrombospondin 3 and 4 constitute a new class of lipophilic proteins. There are, however, a number of common features. In COMPcc, the all-trans retinol is entirely surrounded by the hydrophobic axial pore and can be contacted by surface solvent only at the N-terminal opening of the pore. Also in CRBP and RBP, the cavity has essentially no connection to the external solvent. The accessible surface of the retinol ligand after binding is only 1-3% of its value before binding (Cowan et al., 1990 (Cowan et al., , 1993 . Furthermore, in COMPcc, CRBP and RBP, the retinol binds in its all-trans form in which the isoprene chain is linear. This feature may be of critical importance for delivery of retinoids in the all-trans configuration in which they are physiologically active. A third common feature is the hydrogen binding of the terminal alcohol group of retinol to the amino bond of a glutamine side chain (Gln108 in CRBP and Gln54 in COMPcc). According to the K D values of retinol binding to COMPcc and to the glutamine-free mutant protein, the hydrogen bond does not contribute significantly to binding energy. In this case, most of the energy originates from the hydrophobic interaction. Vitamin D-binding protein is homologous to serum albumin, α-fetoprotein and afamin. Diffracting crystals of vitamin D-binding protein were obtained (Verboven et al., 1995) , but the structure of this protein has not been solved yet and structural data about its binding site are unknown.
Binding affinity of COMP and other retinol-binding proteins
The dissociation equilibrium constant for retinol binding to COMPcc is K D ϭ 0.6 μM, a value comparable with the K D ϭ 0.2 μM of serum RBP. In blood serum, the total concentration of vitamin A was reported to be 2 μM, with most of it bound to RBP (Goodman, 1984; Blomhoff et al., 1990) . For a storage function in the extracellular space, COMP should have a similar K D to that of the extracellular transport protein RBP. It was also demonstrated that the rate constants of association and dissociation are high, as needed for fast exchange. The K D values for the CRBPs are lower by two orders of magnitude than for the serum RBP (Ong et al., 1994) . As demonstrated, COMPcc has a similar affinity for retinol and retinoic acid and also binds other hydrophobic compounds. This tolerance is shared by cellular retinoid-binding proteins (Blomhoff et al., 1990) and is a general property of extracellular lipophilic proteins including vitamin D-binding protein (Ray, 1996) . For COMPcc, we studied a broad repertoire of hydrophobic compounds. Benzene, cyclohexane and a fatty acid bind, but affinities were quantitated only for retinol and retinoic acid. Of structural interest is the complex with benzene which suggests electrostatic interactions between a water molecule bound to polar groups of the protein and the delta (-) π-electrons of the benzene ring. By a geometric analysis of highresolution protein structures, Burley and Petsko (1986) demonstrated similar interactions between aromatic and polar side chain groups. The functional implications of an amino-aromatic hydrogen bond were investigated for CRBP (Jamison et al., 1995) . An increase in denaturation temperature was also observed for binding of benzene to a two-stranded coiled-coil structure (Gonzales et al., 1996) . In this case, however, binding was accompanied by a switch from two to three strands. This was not the case for the five-stranded COMPcc because of its wide axial pore.
Conclusions and future research
Our data clearly prove that all-trans retinoids bind to the coiled-coil domain of COMP. Structural data, binding affinities and exchange rates are compatible with a storage function for COMP which, in view of the importance of this morphogen for the development of limbs, is an attractive possibility. The qualitatively observed vitamin D binding to the hydrophobic axial channel in COMPcc may also be of importance. At present, physiological data on the binding of these factors to COMP in cartilage tissues are still lacking. A first step in this direction is binding studies of tritium-labeled retinol to recombinantly expressed intact COMP. The radiolabeled all-trans retinol co-migrated with the 450 kDa protein on non-denaturing polyacrylamide gels. Further work is in progress to demonstrate that also in full-length COMP, retinol binding occurs to the coiled-coil domain.
Materials and methods
Reagents
The coiled-coil domain comprising residues Gly27-Gly72 of rat COMP was prepared by heterologous recombinant gene expression in Escherichia coli. The sequence of the wild-type COMPcc (27-72) is:
in which residues in position a and d of the heptad repeats are indicated. In the expressed fragment, Gly27 is replaced by Met. Formation and exchange of disulfide bonds were catalyzed by a mixture of reduced and oxidized glutathione as described by Efimov et al. (1995) . The reduced and alkylated fragment was prepared by incubation with 10 mM dithiothreitol (DTT) (1 h, 37°C then 3 min, 95°C) and 25 mM N-ethylmaleimide (NEM) (1 h, 37°C). The designed protein mutant COMPccGln54Ile in which the glutamine residue in position 54 was exchanged by isoleucine was prepared according to Ho et al. (1989) using two sets of primers. Set 1 (46-N, 5Ј-CTGCATATGGACCTAGC-CCCACAG-3Ј; and COMPI-54 3Ј, 5Ј-GATCTCCTTGACGATCTGT-CGCAAGAGCTCTCTCAC-3Ј), set 2 (46-C, 5Ј-TGCGGATCCTTA-TCCGCAAGCGTCAC-3Ј, and COMPI-54 5Ј, 5Ј-CTTGCGACAGAT-CGTCAAGGAGATCACCTTCCTG-3Ј). The PCR and DNA manipulations for cloning were performed according to standard protocols (Sambrook et al., 1989) . All constructs were confirmed by dideoxy DNA sequencing. The recombinant proteins were dialyzed against PBS buffer (20 mM sodium phosphate, 200 mM sodium chloride, pH 7.5) at 4°C and stored at -20°C. At room temperature, the wild-type and mutant protein were pentameric as judged by circular dichroism (CD) spectroscopy and analytical ultracentrifugation. Both proteins exhibited 80-90% α-helicity (Efimov et al., 1994) .
The mixture of protein with the insoluble hydrophobic compounds benzene, cyclohexane, vitamin D 3 and elaidic acid in PBS (pH 7.5) was shaken for Ͼ3 days at 4°C in order to facilitate equilibration of binding. The mixtures were clarified by centrifugation at 18000 r.p.m. for 15 min before use.
All-trans retinol and elaidic acid were from Sigma, vitamin D 3 and all-trans retinoic acid from Fluka and all other reagents from Merck.
Thermal unfolding
CD was recorded with a Cary 61 spectropolarimeter (Varian) using thermostated quartz cells of 1 mm path length. Melting curves were recorded by monitoring the molar ellipticity [Θ] at 221 nm as a function of temperature, applying a heating rate of 90°C/h. The incubation time with the hydrophobic ligands was chosen to be long enough to achieve equilibrium transition curves.
Fluorescence titration
Fluorescence was measured with a FP 777 fluorometer (Jasco) at an excitation wavelength of 330 nm and an emission wavelength of 480 nm. Aliquots of a solution of all-trans retinol in DMSO were added to 2 ml of a solution of oxidized COMPcc or COMPccGln54Ile in PBS (pH 7.5) at 20°C. After each addition, the solution was stirred gently and allowed to equilibrate in the dark for 2 min. Equilibrium dissociation constants (K D s) were evaluated assuming binding of a single ligand molecule L to the protein P forming the complex PL with
(1) by
in which [L] is the free ligand concentration, F b is the fluorescence signal of bound ligand at a certain ligand concentration and F s is the For competition binding experiments, separate DMSO solutions were prepared containing a constant concentration of all-trans retinol at 0.8 mM and increasing amounts of all-trans retinoic acid at 0-6.8 mM. For each data point, 5 μl of the mixture was added to 2 ml of oxidized COMPcc in PBS (pH 7.5) and incubated for 1 h in the dark with gentle stirring. The concentrations of all-trans retinol and retinoic acid were determined by transferring to ethanol using extinction coefficients of 46 000/cm/M at 325 nm and 45 000/cm/M at 350 nm, respectively (Cogan et al., 1976) .
Crystallization and soaking experiments
Oxidized COMPcc (0.4 mg/ml) in 20 mM sodium phosphate, 200 mM NaCl (pH 7.5) was incubated with solid all-trans retinol in the dark for Ͼ3 days at 4°C and the mixture was clarified by centrifugation at 18 000 r.p.m. for 15 min. The solution was concentrated to 16 mg/ml of COMPcc by ultrafiltration using a Vivaspin 15 ml device (Vivascience). Crystals were obtained using the hanging drop method at room temperature. The reservoir solution contained 7-8% PEG 8000, 50 mM sodium cacodylate (pH 6.0), 50 mM sodium acetate and 50 mM calcium acetate. The hanging drop was prepared by mixing 2 μl of the reservoir solution with an equal volume of COMPcc-retinol complex solution. Crystals appeared in 1 day and reached their optimal size in 1 week.
Direct diffusion of benzene or cyclohexane into the native COMPcc crystals (Efimov et al., 1995) in solution was not effective due to the very limited solubility of these compounds in the crystal stabilizing solution. The complex could be prepared by incubating the crystals mounted in a standard way in an X-ray capillary in the presence of saturated vapor of benzene (or cyclohexane) as described by Eriksson et al. (1992) for a lysozyme mutant. Crystal cracking occurred within hours in the presence of benzene, severely impairing the quality of the diffraction data. Therefore, several crystals were tested before acceptable data were collected.
For both complexes, the crystal size was~0.2ϫ0.3ϫ0.5 mm 3 . Both crystal forms belong to the monoclinic space group P2 1 , with unit cell parameters for the benzene complex of a ϭ 4.00 nm, b ϭ 5.03 nm, c ϭ 5.59 nm, and β ϭ 104.3°, and for the retinol complex of a ϭ 3.847 nm, b ϭ 4.947 nm, c ϭ 5.498 nm, and β ϭ 103.84°, the latter complex being isomorphous to the wild-type crystal form.
Data collection and evaluation
All data were collected on a MARresearch™ image plate mounted on an Elliot GX20 rotating anode generator at a wavelength of λ ϭ CuK α ϭ 0.15418 nm at room temperature. The X-ray intensities were evaluated and scaled with the program package DENZO/SCALEPACK (Otwinowski, 1993) ; data reduction was performed within the CCP4 package (Collaborative Computational Project, number 4, 1994) . A summary of data collection statistics is given in Table II .
Model building and crystallographic refinement
The structure of the COMPcc-benzene complex was determined by the difference Fourier technique and refined to convergence using positional and individual B-factor refinement with the TNT routine (Tronrud et al., 1987) .
As the COMPcc-retinol complex crystallized completely isomorphous 5271 to the wild-type structure, the dataset was submitted to a simulated annealing run with X-PLOR (Brünger, 1992) . The resulting density clearly showed one additional molecule of retinol. The coordinates and crystallographic parameters for retinol were taken from the X-PLOR heteroatom dictionary and built into the density using the program MAIN (Turk, 1988) . The model was submitted to energy-restrained crystallographic refinement with X-PLOR (Brünger, 1992 ) using a grouped B-factor refinement procedure. The protein parameters were taken from Engh and Huber (1991) . The final crystallographic R-factor of the COMPcc-retinol complex is 19.46% using all data between 3.0 and 0.27 nm resolution. The quality of the final density is shown in Figure 5A . The stereochemical quality of the structure was assessed with the program PROCHECK (Laskowski et al., 1993) . Within the Ramachandran plot (Ramachandran and Sasiekharan, 1968) , 94% (202 residues) are located in the most favored region, 4.6% (10 residues) are in the additionally allowed, 1.4% (three residues) in the generously allowed and none in the disallowed region. A summary of the refinement statistics is given in the Table III. Figure  4 was drawn according to Jones et al. (1991) , and Figure 5A and B was drawn with the program MAIN (Turk, 1988) .
Co-ordinates are being submitted to the Brookhaven Protein Data Base and meanwhile are available upon request from the authors (engel@ubaclu.unibas.ch).
